Protein-protein association generally proceeds via the intermediary of a transient, lowly populated, encounter complex ensemble. The mechanism whereby the interacting molecules in this ensemble locate their final stereospecific structure is poorly understood. Further, a fundamental question is whether the encounter complex ensemble is an effectively homogeneous population of nonspecific complexes or whether it comprises a set of distinct structural and thermodynamic states. Here we use intermolecular paramagnetic relaxation enhancement (PRE), a technique that is exquisitely sensitive to lowly populated states in the fast exchange regime, to characterize the mechanistic details of the transient encounter complex interactions between the N-terminal domain of Enzyme I (EIN) and the histidine-containing phosphocarrier protein (HPr), two major bacterial signaling proteins. Experiments were conducted at an ionic strength of 150 mM NaCl to eliminate any spurious nonspecific associations not relevant under physiological conditions. By monitoring the dependence of the intermolecular transverse PRE (Γ 2 ) rates measured on 15 N-labeled EIN on the concentration of paramagnetically labeled HPr, two distinct types of encounter complex configurations along the association pathway are identified and dissected. The first class, which is in equilibrium with and sterically occluded by the specific complex, probably involves rigid body rotations and small translations near or at the active site. In contrast, the second class of encounter complex configurations can coexist with the specific complex to form a ternary complex ensemble, which may help EIN compete with other HPr binding partners in vivo by increasing the effective local concentration of HPr even when the active site of EIN is occupied.
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enzyme I-histidine containing phosphocarrier protein complex | encounter complex | lowly populated states | NMR | phosphotransferase system S pecific protein-protein interactions underlie virtually every process in the cell. In general, specific protein-protein recognition proceeds via a two-step process (1-3): weak association via diffusion-controlled intermolecular collisions results in the formation of an ensemble of short-lived, encounter complexes located in multiple local free energy minima of a two-dimensional funnel-like energy landscape on the protein surface (4); subsequent rearrangement along the energy landscape, involving translations and rotations of the two partner proteins, permits the global free energy minimum to be located, resulting in the formation of a well-defined specific complex stabilized by a defined set of electrostatic and van der Waals interactions. From a functional perspective, encounter complex ensembles are thought to play a critical role in fine tuning reaction fluxes inside the cell (5), enhancing association on-rates by increasing the interaction crosssection and reducing the conformational search space on the path to the specific complex (6) (7) (8) (9) (10) (11) . Despite the importance of encounter complex ensembles in protein-protein association, little is known of their structures and configurations because their populations are low, their lifetimes are short, and they are difficult to trap, rendering them essentially invisible to conventional structural and biophysical methods. Recently, however, the application of NMR paramagnetic relaxation enhancement (PRE), a technique that is exquisitely sensitive to the presence of lowly populated states in the fast exchange regime (12, 13) , has offered new insights into the physicochemical and structural nature of transient encounter complexes in protein-DNA (14) and protein-protein (15) (16) (17) (18) (19) (20) association. The mechanism, however, whereby the interacting molecules in the encounter complex ensemble find their final stereospecific structure, remains poorly understood.
The underlying principle behind this application of the PRE is as follows (13, 14) . The transverse PRE rate (Γ 2 ) is dependent on the sixth root of the distance between the unpaired electron of the paramagnetic center and the observed proton, and the Γ 2 rate at short distances is very large owing to the large magnetic moment of the unpaired electron (21) . In the fast exchange regime, the observed Γ 2 rates are population weighted averages of the Γ 2 rates in the major and minor species, and hence the footprint of minor species can be observed in the PRE profiles of the major species, providing that distances between the paramagnetic label and protons of interest are shorter in the minor species than in the major one. This technique has also been used to determine the structure of a lowly populated state of a multidomain protein in which large interdomain motions accompany ligand binding (22) , and to probe qualitatively the configurations sampled by unfolded and intrinsically disordered proteins (23) (24) (25) .
In previous PRE work on several relatively weak proteinprotein complexes (15) , we showed that the encounter complex ensemble comprises a relatively diffuse cloud that correlates qualitatively with the electrostatic surface potentials of the partner proteins. The intermolecular PREs attributable to the encounter complex ensemble are significantly more sensitive to ionic strength than those arising from the specific complex, confirming a prominent role for electrostatic forces in stabilizing the encounter complex ensemble (26) . A fundamental question arises as to whether the encounter complex ensemble represents a homogenous population of nonspecific complexes or a collection of distinct states.
To address this question, we carried out intermolecular PRE titration measurements using the complex between the N-terminal domain of Enzyme I (EIN) and the histidine phosphocarrier protein (HPr) as a model system. By monitoring the residuespecific intermolecular PRE rates observed on 15 N-labeled EIN as a function of the concentration of paramagnetically labeled HPr, we are able to identify and dissect two distinct classes of encounter complexes within the energy landscape of proteinprotein association and specific complex formation. The first class of encounter complexes is in equilibrium with and sterically occluded by the specific complex (i.e., it directly competes sterically with the specific complex). In contrast, the second class of encounter complexes can coexist with the specific complex to form a ternary complex ensemble. It is likely that these two classes of encounter complexes play different roles in accelerating phosphoryl transfer reaction fluxes between Enzyme I and HPr in vivo.
Results and Discussion
Concentration-Dependent Nonspecific PREs Indicate the Presence of Multiple Encounter Complex Configurations. In the first step of the bacterial phosphotransfer system (PTS), a signal transduction pathway in which sugar transport across the membrane is coupled to phosphotransfer via a series of bimolecular protein-protein complexes (27) , phosphoryl transfer between EIN and HPr occurs upon formation of a specific interaction that properly aligns the active site histidines of the two proteins (28) . This productive association of EIN and HPr has an equilibrium dissociation constant (K D ) in the micromolar range (26, 29) . Exchange between the specific complex, nonspecific encounter complex configurations and the free (dissociated) state is fast on both the chemical shift (28) and PRE relaxation (15) time scales, allowing intermolecular PREs to report on transient encounter complex configurations along the EIN/HPr association pathway (15, 26) .
HPr (at natural isotopic abundance) was labeled with a paramagnetic EDTA-Mn 2þ moiety conjugated via a disulfide bond to surface cysteine mutations at the three sites used in previous studies (15, 26) : E25C and E32C are located on opposite sides of the specific binding surface, whereas E5C is located on the opposite face of HPr (Fig. 1 insets) . These three tags are located outside the specific interaction surface with EIN and, hence, do not interfere with the formation of the specific complex, and provide good coverage to probe both the specific complex and the encounter complex ensemble. Intermolecular 1 H N -Γ 2 rates for the backbone amide protons of U-½ 2 H; 15 N-labeled EIN (Fig. 1 ) in the presence of paramagnetically labeled HPr were measured as described previously (15), except that the experiments were carried out in the presence of 150 mM NaCl to eliminate potential spurious nonspecific interactions not relevant at physiological ionic strength.
Back-calculation of the expected intermolecular PREs from the structure of the specific EIN/HPr complex (15) (Fig. 1 , black line) permits one to partition the experimental intermolecular PREs into two classes: (i) PREs that arise from only the specific complex ( Fig. 1, black circles) , which we refer to as "specific PREs"; and (ii) PREs arising from the encounter complex ensemble ( Fig. 1 , purple circles), which we refer to as "nonspecific PREs." The latter comprise residues that meet the following criteria in a sample consisting of 300 μM EIN and 450 μM HPr: (i) the 1 H-15 N cross-peak is well-resolved, (ii) the predicted specific 1 H N -Γ 2 rate is <20 s −1 because both the predicted and experimental 1 H N -Γ 2 rates become relatively imprecise at higher values, and (iii) the observed 1 H N -Γ 2 rate is ≥8 s −1 above the intermolecular 1 H N -Γ 2 rates back-calculated from the specific EIN/HPr complex. This last cutoff (8 s −1 ) was chosen because it is twice the standard deviation (3.8 s −1 ) of the difference between the observed and calculated 1 H N -Γ 2 rates for PREs with an observed Γ 2 rate of <20 s −1 arising from the HPr-E25C probe (see below). Using the above criteria, nonspecific intermolecular PREs occur at residues 59-75, 111-117, and 160-167 for EIN/ HPr-E5C, and residues 22-51, 56-74, 96-106, and 160-167 for EIN/HPr-E32C (Fig. 1, purple circles) .
At an ionic strength of 150 mM, the intermolecular PREs generated by HPr-E25C are almost entirely accounted for by the specific EIN/HPr complex (except for PREs at residues 5, 6, 87, and 88) ( Fig. 1 Middle). Although this may seem surprising, examination of the PRE profiles for the three probes indicates that the majority of residues exhibiting nonspecific PREs for the EIN/HPr-E5C and EIN/HPr-E32C complexes coincide with residues that display specific PREs for the EIN/HPr-E25C complex, thereby largely precluding the observation of nonspecific PREs for the EIN/HPr-E25C complex (because the observation of encounter complex PREs requires that a given paramagnetic label-EIN proton distance be much shorter in the encounter complex ensemble than in the specific complex). Thus, the PRE profile for the EIN/HPr-E25C complex not only provides an excellent reference for estimating the uncertainties in our measurements and fits, but also confirms the robustness of the PREs back-calculated from the structure of the specific EIN/ HPr complex ( Fig. 1 Middle).
Intermolecular PRE measurements on U-½ 2 H; 15 N-labeled EIN were carried out at six different concentrations of paramagnetically labeled HPr (ranging from 60 to 450 μM), corresponding to HPr:EIN molar ratios of 0.2-1.5. At each point in the titration, the intermolecular PREs arising from either the specific complex or the nonspecific encounter complex ensemble were summed over their respective residues, normalized to the highest value of each titration curve, and displayed in Fig. 2 . For the specific PREs (Fig. 2 Left), the titration curves for all three paramagnetic labels saturate as the HPr concentration exceeds the EIN concentration, and the curves fit to a one-site binding isotherm using the known K D of 7 μM (at ½NaCl ¼ 150 mM for the specific EIN/HPr interaction determined by isothermal titration calorimetry (26) (Fig. 2 Left, black line). In contrast, for the nonspecific intermolecular PREs, the HPr titration curves deviate significantly from a simple one-site binding model (Fig. 2 Right): the curves are essentially linear and continue to increase even at equimolar concentrations of EIN and HPr, indicating the presence of a population of encounter complexes with titration behavior that is distinct from that of the specific complex.
HPr Titration Curves for Individual EIN Residues Reveal Three Types of Nonspecific Encounter Complex PREs. To characterize the different types of encounter complex configurations, we plotted the HPr titration curves (HPr-E5C, HPr-E25C, HPr-E32C) for individual residues of EIN exhibiting significant intermolecular PREs not attributable to the specific EIN/HPr complex (Fig. 1, purple  circles) . The PRE titration curves for the individual residues partition the nonspecific PREs into three distinct classes, and examples of each type are shown in Fig. 3 .
The first class of nonspecific intermolecular PREs displays the same titration behavior as the PREs arising from the specific EIN/HPr complex (Fig. 3A) . The titration curves saturate at equimolar concentrations of EIN and HPr (Fig. 3A) , and they fit well (reduced χ 2 < 1.5 for 81% of the fits, average reduced χ 2 ¼ 0.97) to a simple single-site binding model with the K D of 7 μM for the specific EIN/HPr interaction (Fig. 3A, blue line) . Thus, the magnitude of the class I nonspecific PREs is directly proportional to the concentration of the specific EIN/HPr complex (Fig. 3A) .
In contrast, the magnitude of the second class of nonspecific PREs increases only slightly at low concentrations of HPr but then rises linearly when the HPr:EIN molar ratio exceeds one (Fig. 3B) . This titration behavior follows the concentration of unbound (i. Fig. 3B . (Note that the encounter complex interactions are very much weaker than the specific complex association, hence the linear dependence on the concentration of free HPr.)
The third class of nonspecific PREs behaves as a mixture of classes I and II (Fig. 3C) . The class III titration curves follow neither a one-site binding model nor the calculated concentration of free HPr (reduced χ 2 ≫ 1.0). However, the titration curves do fit well to a linear combination of the two binding models with a reduced χ 2 < 1.5 for 71% of the fits (average reduced χ 2 ¼ 1.2). neity in the titration behavior of the nonspecific intermolecular PREs (Fig. 3) indicates the presence of two distinct types of interactions in the EIN/HPr encounter complex ensemble. To give physical meaning to these two encounter complex states, we mapped the intermolecular PREs for all three paramagnetic labels onto the surface of EIN (Fig. 5) .
Class I Nonspecific PREs Report on Encounter Complex Interactions
near the Active Site of EIN. The class I nonspecific intermolecular PREs generated by the encounter complex ensemble (Fig. 5A , blue) occur almost exclusively at the perimeter of the EIN active site and often coincide with specific intermolecular PREs produced by other paramagnetic probe locations (Fig. 5, dark gray) . For example, HPr-E5C gives rise to nonspecific intermolecular PREs (Fig. 5 Left, blue) that overlap with the PREs arising from the specific EIN/HPr-E25C and EIN/HPr-E32C complexes ( Fig. 5 Center and Right, dark gray). Because the 1 H N -Γ 2 rates for the class I nonspecific intermolecular PREs are directly proportional to the concentration of the specific EIN/HPr complex (Fig. 3A) , these intermolecular PREs must arise from encounter complex configurations that are in equilibrium with and mutually exclusive to the specific complex ( Fig. 6 Lower Left). Thus, the interactions that generate this first class of intermolecular PREs are unavailable once HPr occupies the active site of EIN. Given this restraint and their location on the surface of EIN (Fig. 5, blue) , the first type of encounter complex states presumably involves rapid rotations and translations of HPr near or within the active site of EIN.
Rigid body rotations proximal to a high-affinity binding pocket have been predicted previously by Brownian dynamics (30) and replica exchange Monte Carlo simulations (31) on multiple protein pairs, but have been difficult to characterize experimentally because of their transient nature. These reorientations are believed to be critical for properly positioning substrate in an active site, and in the case of the EIN/HPr interaction, they probably help align the two active site histidine residues (His189 of EIN and His15 of HPr) involved in phosphotransfer from EIN to HPr. Once the proper arrangement is achieved, a network of hydrophobic interactions, hydrogen bonds, and salt bridges then lock the two proteins into the productive specific conformation (28) .
Class II Nonspecific PREs Report on HPr nonspecific ∕EIN∕HPr Ternary Complexes. The 1 H N -Γ 2 rates for the class II nonspecific intermolecular PREs continue to increase even at an HPr:EIN molar ratio of 1.5 (Fig. 3B) . At this point in the titration, 96% of the EIN molecules have their active site occupied by HPr (given a K D ¼ 7 μM with EIN and HPr concentrations of 300 and 450 μM, respectively). Therefore, the class II intermolecular PREs must arise from encounter complex configurations that are not occluded by the specific complex but instead form a transient HPr nonspecific ∕EIN∕HPr ternary complex with one HPr molecule bound to the active site of EIN while another HPr molecule interacts elsewhere on the EIN surface.
The class II nonspecific intermolecular PREs cluster principally at two regions on EIN (Fig. 5 , purple and red elipses, labeled "Patches"). First, both HPr-E5C (Fig. 5 Left Middle) and HPr-E32C (Fig. 5 Right Middle) give rise to strong nonspecific intermolecular PREs on the loop between α-helices 1 and 2 (centered around Phe65 and labeled as Patch 1). Second, both HPr-E5C and HPr-E32C generate a patch of nonspecific intermolecular PREs along the backside of EIN (labeled as Patch 2) at the ends of α-helices 2 0 and 3 (centered at Asp95 and Ala114; Fig. 5 Left Bottom) and on the loop following the extended linker segment to the beginning of α-helix 1 (centered around Arg28 and Glu39; Fig. 5 Right Bottom), respectively.
Although the second surface patch is far from the active site of EIN, the first patch is quite close and may serve as a "docking site" for a second HPr molecule to bind while the active site of EIN is occupied and involved in phosphotransfer. This region of EIN is negatively charged with four surface glutamates, whereas the binding surface of HPr has a net positive charge (þ4) with four lysines, one arginine, and one glutamate (28) . Therefore, encounter complex interactions at this first cluster may accelerate specific association by properly orienting the second HPr molecule via electrostatic steering, regardless of the occupancy of the EIN active site, while also increasing the effective local concentration of HPr near the active site. In this regard it is interesting to note that recent kinetic studies and Brownian dynamics simulations on TEM1-β-lactamase and its inhibitor protein found that mutations in an encounter complex region near the specific binding site had a significantly larger effect on the overall association rate of the two proteins compared to similar types of mutations far away from the specific binding site (32) .
Biological Implications of Ternary HPr nonspecific ∕EIN∕HPr Complexes.
HPr is a master regulator of bacterial carbon metabolism that interacts not only with Enzyme I and downstream targets of the PTS system but also with many sugar transporters, transcriptional activators, antiterminators, and other regulatory kinases and phosphorylases (27) . The formation of transient HPr nonspecific ∕EIN∕HPr ternary complexes may help Enzyme I compete for the cellular pool of HPr, even while phosphotransfer is occurring at the EIN active site. This may be crucial to achieving high rates of sugar uptake when substrate is transiently abundant.
Indeed, conditions inside E. coli appear favorable for forming an HPr nonspecific ∕EIN∕HPr ternary complex. Given intracellular concentrations of Enzyme I and HPr of 5 and 20-100 μM, respectively (33) , and a K D of ≈10 mM for nonspecific EIN/HPr encounter complex configurations (assuming an intermolecular PRE detection limit of ≈1% for minor populated states under our experimental conditions) (14) , we estimate that ≈1% of the Enzyme I molecules in vivo exist as an HPr nonspecific ∕ EIN∕HPr ternary complex ensemble. Intracellular overcrowding and compartmentalization may favor this ternary complex further, possibly making these nonspecific interactions even more important for enhancing enzymatic turnover in vivo.
Concluding Remarks. We have presented intermolecular PRE titration experiments for the interaction of EIN and HPr that demonstrate the existence of heterogeneity in the encounter complex ensemble. Fitting a simple binding model to the intermolecular PRE data provides direct evidence for an association pathway that includes two distinct types of encounter complex configurations, as summarized in Fig. 6 . The first type involves encounter complexes that are sterically occluded by the specific EIN/HPr complex ( Fig. 6 Lower Left) and thus are probably most important for initially guiding HPr into the productive conformation when the active site is empty. The second type predominates when the active site is occupied (Fig. 6 Lower Right) and, therefore, is probably most important for efficiently "reloading" the EIN active site with HPr when the demand for sugar transport is high.
Materials and Methods
Sample Preparation of EIN/HPr Complexes. Uniformly labeled E. coli ½ 2 H; 15 N-EINð1-249Þ and HPr at natural isotopic abundance were expressed and purified as described (29) in 20 mM Tris-HCl, pH 7.4, and 150 mM NaCl treated with Chelex 100 (Sigma Aldrich) to remove contaminating divalent cations. HPr was paramagnetically labeled with cysteaminyl-EDTA-Mn 2þ conjugated via a disulfide linkage to surface-engineered cysteine residues at three sites: E5C, E25C, and E32C (SI Text).
NMR Spectroscopy and PRE Measurements. Intermolecular transverse 1 H N -Γ 2 PRE rates measured on the backbone amide protons of U-½ 2 H; 15 N-EIN in the presence of HPr were obtained from the differences in transverse 1 H N -R 2 relaxation rates between paramagnetic and diamagnetic samples (at identical HPr concentrations) using a transverse relaxation optimized (TROSY) version (34) of the pulse scheme depicted in figure 1 of ref. 35 (SI Text). Data were recorded at 40°C on a Bruker DRX 600 MHz spectrometer equipped with a triple resonance z-gradient cryoprobe. Two time points (12 μs and 27 ms) were used for the 1 H N -R 2 measurements, and the 1 H N -Γ 2 rates were calculated as described (35) .
Models and Data Fitting. The 1 H N -Γ 2 rates for the encounter complex ensemble, Γ EC 2 ðαÞ, given by the difference between the observed intermolecular 1 H N -Γ 2 rates and the corresponding theoretical back-calculated rates for the specific complex (see below), were fit as a function of the total HPr concentration (α) to a two-parameter model: Γ EC 2 ðαÞ ¼ λ I c specific ðαÞ þ λ II c free ðαÞ, where λ I and λ II are free parameters representing the contributions from the first and second classes of intermolecular PREs, respectively; and c specific ðαÞ and c free ðαÞ represent the concentrations of HPr bound to EIN and in free solution, respectively, calculated from the K D of 7 μM determined by isothermal titration calorimetry (26) . A standard least-squares linear regression was used to fit λ I and λ II by minimizing the appropriate χ 2 : or λ II obtained from these fits was used in place of the values from the two-parameter fit if the simpler model was sufficient to account for the data with a reduced χ 2 ≤ 1.0, if the reduced χ 2 for the single parameter fit was less than that for the twoparameter fit, or if the fitted value of either λ I or λ II from the two-parameter model was negative, indicating a nonphysical fit to the data where λ I and λ II must be ≥0.
Back-Calculation of Intermolecular PREs for the Specific Complex. The theoretical back-calculated 1 H N -Γ 2 PRE rates for the specific complex were obtained as described (15) . Briefly, experimental intramolecular 1 H N -Γ 2 PRE rates for the three paramagnetically labeled HPr molecules were measured for the EIN/HPr complex with EIN at natural isotopic abundance and HPr isotopically labeled with 15 N and 2 H. The coordinates of the EDTA-Mn 2þ groups, using a three-conformer ensemble representation (with atomic overlap between the EDTA groups permitted), were optimized by simulated annealing using Xplor-NIH (37) to obtain the best fit between observed and calculated intramolecular PREs for the structure of the specific EIN/HPr complex. The intramolecular PRE Q-factor (36) was 0.18, indicating excellent agreement between observed and calculated intramolecular PREs (15) . The expected intermolecular PREs were then computed from the structure of the specific EIN/HPr complex (28) using the optimized coordinates of the EDTA-Mn 2þ conformational ensembles determined from the intramolecular PREs. Further details are provided in ref. 15 interactions that are in competitive equilibrium with the specific complex (Bottom Left), and interactions that can form simultaneously with the specific configuration to create a HPr nonspecific ∕EIN∕HPr ternary complex ensemble (Bottom Right). At the concentrations present in our experimental conditions, this second type of encounter complex rarely occurs in the absence of a specifically bound HPr and, therefore, the binary complex involving the second type of encounter complex interactions is displayed as partially transparent (Bottom Center).
